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Abstract Cholesterol sulfate is quantitatively the most impor-
tant known sterol sulfate in human plasma, where it is present
in a concentration that overlaps that of the other abundant cir-
culating steroid sulfate, dehydroepiandrosterone (DHEA) sul-
fate. Although these sulfolipids have similar production and
metabolic clearance rates, they arise from distinct sources and
are metabolized by different pathways. While the function of
DHEA sulfate remains an enigma, cholesterol sulfate has
emerged as an important regulatory molecule. Cholesterol sul-
fate is a component of cell membranes where it has a stabiliz-
ing role, e.g., protecting erythrocytes from osmotic lysis and
regulating sperm capacitation. It is present in platelet mem-
branes where it supports platelet adhesion. Cholesterol sulfate
can regulate the activity of serine proteases, e.g., those in-
volved in blood clotting, fibrinolysis, and epidermal cell adhe-
sion. As a result of its ability to regulate the activity of selective
protein kinase C isoforms and modulate the specificity of
phosphatidylinositol 3-kinase, cholesterol sulfate is involved in
signal transduction. Cholesterol sulfate functions in kerati-
nocyte differentiation, inducing genes that encode for key
components involved in development of the barrier.  The ac-
cumulating evidence demonstrating a regulatory function for
cholesterol sulfate appears solid; the challenge now is to work
out the molecular mechanisms whereby this interesting mole-

 

cule carries out its various roles.

 

—Strott, C. A., and Y. Higashi.
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The biotransformation of molecules by sulfonation is a
basic and pervasive metabolic pathway of primary impor-
tance. Sulfonated compounds comprise a remarkable ar-

 

ray of substances from macromolecular molecules such
as glycosaminoglycans, proteoglycans, and secretory and
membrane proteins to small, endogenous molecules such
as neurotransmitters and hormones (1, 2). Furthermore,
sulfonation is important in the metabolism of drugs and
xenobiotics (3). Sulfoglycolipids such as sphingolipids and
galactoglycerolipids are abundant in myelin as well as sper-
matozoa, kidney, and small intestine (4), and have been

 

implicated in a variety of physiologic functions through
their interactions with extracellular matrix proteins, cellu-
lar adhesive receptors, blood coagulation systems, comple-
ment activation systems, and cation transport systems (5).
Sulfonation has a significant role in the biotransformation
of many endogenous low-molecular-weight compounds,
including catecholamines (6), iodothyronines (7), and vi-
tamin C (8). Likewise, sulfonation is an important modifi-
cation of cholesterol (9) and its derivatives, bile acids (10),
vitamin D (11, 12), and steroids (13).

Although the sulfoconjugation of steroids was first de-
scribed in the late 1930s and early 1940s [see Siiteri (14)
and references cited therein], the sulfoconjugation of
cholesterol, the immediate precursor of all steroids, was
not appreciated until much later, when the seminal report
on the isolation of cholesterol sulfate from a natural
source appeared in 1964 (15). While the initial report de-
scribed the isolation of cholesterol sulfate from the bovine
adrenal gland, it was subsequently isolated from diverse
human sources and tissues (16–18).

The discovery of the existence of cholesterol sulfate was
followed by a concerted effort to discern its biologic im-
port. Initial interest centered on cholesterol sulfate serv-
ing as a substrate for the synthesis of sulfonated steroids
(19–22). Eventually, additional actions of cholesterol sul-
fate were considered and explored. For example, effects
on cholesterol synthesis (23), sperm capacitation (24),
and the activity of thrombin and plasmin (25) were re-
ported. Of particular interest was the finding that choles-
terol sulfate can function as a regulatory molecule (26,
27). One of the most investigated physiologic roles for
cholesterol sulfate has been in keratinocyte differentia-
tion and development of the epidermal barrier (28, 29).
In brief, it is now evident that cholesterol sulfate, akin to
certain other steroid sulfates such as pregnenolone sulfate
(30), is considerably more than a simple metabolic end
product “whose sole fate is removal by the excreta” (9).

 

Abbreviations: DHEA, dehydroepiandrosterone; MCR, metabolic

 

clearance rate; P

 

450

 

, cytochrome P

 

450

 

; PR, production rate; [S], plasma
steroid/sterol concentration; SCC, side-chain cleavage; SULT, cytosolic
sulfotransferase.
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Thus, the aim of this review is to bring the reader up to
date on the status of this interesting molecule as well as
point to the future and suggest possible new directions.

PLASMA LEVELS

Cholesterol sulfate was first isolated from human plasma
in 1965 and found to be present in a concentration of 300

 

�

 

g/100 ml (16). The apparent validity of this initial value
was soon confirmed by reports of plasma cholesterol sulfate
levels involving a limited number of subjects that ranged
from 174 to 328 

 

�

 

g/100 ml (31–33). Studies involving
larger groups of subjects but utilizing different methodolo-
gies revealed plasma cholesterol sulfate levels in normal sub-
jects of 150–250 

 

�

 

g/ml (34, 35), 178 

 

�

 

 31 

 

�

 

g/100 ml (men
and women) (36), 134–322 

 

�

 

g/ml (men) and 117–214 

 

�

 

g/
ml (women) (37), 118–138 

 

�

 

g/ml (men) (38), 272 

 

�

 

 64

 

�

 

g/ml (men) and 175 

 

�

 

 70 

 

�

 

g/ml (women) (39), 134 

 

�

 

 29

 

�

 

g/ml (men) (40), and 253 

 

�

 

 25 

 

�

 

g/ml (women) (41).
Plasma cholesterol sulfate, which is carried in part by

LDLs (35, 42, 43), can be significantly elevated in certain
pathologic conditions, such as cirrhosis of the liver (41),
hypercholesterolemia (36, 41), and hypothyroidism (44).
In recessive X-linked ichthyosis (but not other forms of
ichthyosis), a skin disorder characterized by excessive scal-
ing, the levels of plasma cholesterol sulfate are strikingly
elevated, often by more than an order of magnitude (34,
35, 39); furthermore, the high plasma levels are associated
with elevated levels of cholesterol sulfate in the stratum
corneum of the epidermis (45). On the other hand, plasma
dehydroepiandrosterone (DHEA) sulfate, which in young
adults is normally as abundant in the circulation as choles-
terol sulfate, is not elevated in recessive X-linked ichthyo-
sis (34, 35, 38, 39). The latter finding clearly suggests that
the primary metabolic pathways for these two prominent
circulating steroid sulfoconjugates are dissimilar (34).

There is another important distinction between these
two sulfolipids that relates to age. As noted, cholesterol
sulfate and DHEA sulfate are two of the most abundant
steroid sulfates in the human circulation where their con-
centrations overlap, although the mean level of the latter
sulfoconjugate tends to be somewhat higher (34, 37–39).
There is, however, a remarkable age-dependent decrease
in plasma DHEA sulfate from its postpubertal peak (46,
47), whereas there appears to be no age-dependent
change in the level of plasma cholesterol sulfate (37).

Finally, plasma cholesterol sulfate is modestly but signif-
icantly increased during the course of normal pregnancy,
an increase associated with its elevated placental produc-
tion (48). While this is an interesting observation, the
physiologic import of this finding is presently obscure.

TISSUE DISTRIBUTION

Cholesterol sulfate in humans is found in urine, bile,
and feces (17, 32, 49, 50), in addition to its presence in
the circulation; it is also a normal constituent in seminal

 

plasma as well as spermatozoa (24, 51). Cholesterol sulfate
is present in platelets (52, 53) and red blood cells (33, 34,
37, 44, 54); it is also a normal constituent in a variety of
human tissues including skin, hair, nails, aorta, adrenal,
liver, and kidney (17, 18). In other species, such as the rat,
cholesterol sulfate is also widely distributed, with kidney,
spleen, lung, adrenal, and gonad containing the highest
amounts (55).

In skin, cholesterol sulfate is located predominantly in
the epidermis where it functions as an important regula-
tory molecule during formation of the barrier (45, 56–
58). Cholesterol sulfate is formed in the basal and spinous
layers of the epidermis, reaches its highest concentration
in the granular layer, and then decreases in the stratum
corneum as a result of the action of steroid sulfate sulfa-
tase (58, 59). Cholesterol thus starts to undergo sulfocon-
jugation in the lower reaches of the epidermis and, as ke-
ratinocytes, drop out of the cell cycle, begin the process of
differentiation, and migrate into the outer layer of living
epidermal cells where the amount of cholesterol sulfate
reaches a maximum. It is then hydrolyzed in the dead
layer of skin, the stratum corneum, creating what has
been referred to as “the epidermal cholesterol sulfate cy-
cle” (57). In blood and gastrointestinal epithelia, choles-
terol sulfate is a minor sterol constituent, and the choles-
terol-cholesterol sulfate ratio approximates 500:1, whereas
in the stratum corneum of the normal epidermis the ratio
is 10:1 to 5:1 (60). However, in recessive X-linked ichthyo-
sis, which is caused by steroid sulfatase deficiency, the ra-
tio of cholesterol-cholesterol sulfate in the stratum cor-
neum can be as low as 1:1 (60). Cholesterol sulfate is a
normal constituent of hair and nails (61, 62); further-
more, similar to its elevation in the stratum corneum, the
level of cholesterol sulfate in hair and nails is also signifi-
cantly increased in recessive X-linked ichthyosis (62).

SYNTHESIS AND METABOLISM

Production rates (PRs) of cholesterol sulfate have not
been evaluated extensively, but, based on estimated meta-
bolic clearance rates (MCRs) and plasma steroid/sterol
concentrations ([S]), PRs (PR 

 

�

 

 MCR 

 

�

 

 [S]) of 35 mg/
day and 163 mg/day were determined for two normal sub-
jects (31). Interestingly, the PR for cholesterol sulfate ap-
pears to be comparable to the PR of 

 

�

 

45 mg/day deter-
mined for the other prominent circulating steroid sulfate,
i.e., DHEA sulfate. The latter PR was calculated for young
men from reported DHEA [S] and MCR values (47, 63). It
should be noted that, in contrast to their unconjugated
counterparts, cholesterol sulfate and DHEA sulfate are
cleared slowly from the circulation with MCRs, respec-
tively, of 10–17 l/day and 15–30 l/day (31, 64). The slow
clearance of these steroid sulfoconjugates from the circu-
lation reflects their tight binding to plasma proteins, espe-
cially albumin (65). Importantly, although the sulfoconju-
gates of cholesterol and DHEA have similar PRs, they are,
nevertheless, derived from different sources and have dif-
ferent metabolic routes. That is, DHEA sulfate is derived
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principally from the adrenal cortex (66, 67), specifically
the zona reticularis (68), whereas cholesterol sulfate ap-
pears to be formed in many tissues, although relative tis-
sue contributions to total production are not known. Nev-
ertheless, one could speculate that based on the size of
skin and the knowledge that cholesterol sulfate is a signifi-
cant lipid constituent of the epidermis, a major portion of
the total body production of cholesterol sulfate may be
derived from this source. The striking elevation in plasma
cholesterol sulfate that occurs in recessive X-linked ichthy-
osis, as noted previously, is consistent with this conclusion.

Cholesterol sulfate is present in urine and feces, indi-
cating that both excretory routes are utilized (17, 32, 49,
50). Nonetheless, a similar argument as used above sug-
gesting that skin is a major source of total body choles-
terol sulfate production can be used to further suggest
that skin might also be an important route whereby cho-
lesterol sulfate is lost from the body. That is, because of
the large extent of skin and the presence of substantial
epidermal cholesterol sulfate, a significant amount of cho-
lesterol sulfate must necessarily be lost via the normal
desquamation process (69).

CHOLESTEROL SULFOTRANSFERASES

Cytosolic sulfotransferases (SULTs) constitute a super-
family of enzymes that catalyze the sulfoconjugation of rel-
atively small endogenous compounds such as hormones
and neurotransmitters, as well as drugs and xenobiotics
(3). The SULT superfamily is divided into five families,

 

one of which (SULT2) is primarily engaged in the sulfo-
conjugation of neutral steroids and sterols. The human
SULT2 family is further divided into two subfamilies, i.e.,
SULT2A1 and SULT2B1 (70). Additionally, the SULT2B1
subfamily consists of two isoforms designated SULT2B1a
and SULT2B1b (71). SULT2A1, which is the prototypical
hydroxysteroid sulfotransferase, is commonly referred to
as DHEA sulfotransferase because DHEA is considered
the preferred substrate, although this isozyme has a broad
substrate predilection (72, 73). In fact, the first human en-
zyme to be reported as exhibiting cholesterol sulfotrans-
ferase activity was SULT2A1, a conclusion that was based
on biochemical and molecular studies involving liver sam-
ples (74). It was later determined, however, that the
SULT2B1b isozyme is remarkably more active in sulfonat-
ing cholesterol than SULT2A1 (75). Interestingly, whereas
the SULT2B1b isoform avidly sulfonates cholesterol, the
SULT2B1a isoform preferentially sulfonates pregnenolone
but not cholesterol (76).

From a structural point of view, the outstanding feature
of the SULT2B1 isoforms, as compared with the SULT2A1
isozyme as well as other cloned steroid and cognate
SULTs, is their extended amino- and carboxy-terminal
ends (outlined in 

 

Fig. 1

 

 with dashed lines). All previously
cloned members of the mammalian SULT superfamily,
i.e., estrogen and phenol sulfotransferases as well as hy-
droxysteroid sulfotransferases, have sizes that range from
282 to 295 amino acids, whereas SULT2B1a and SULT2B1b
consist of 350 and 365 amino acids, respectively. Overall,
the SULT2A1 and SULT2B1 isozymes are 

 

�

 

37% identi-
cal at the amino acid level. If, however, the extended

Fig. 1. Amino acid alignment of human cytosolic sulfotransferase 2A1 (SULT2A1), SULT2B1a, and SULT2B1b. Shading indicates identi-
ties. Dashed lines outline the extended amino- and carboxy-terminal ends of SULT2B1a and SULT2B1b. Boxed residues delineate con-
served amino acids involved in 5�-phosphoadenosine-3�-phosphosulfate cofactor interaction (129, 130). Multiple alignment analysis was car-
ried out using the MacVector 7.0 system, which is based on the Clustal W algorithm (131).
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amino- and carboxy-terminal ends of the SULT2B1 iso-
forms are excluded, identities increase to 

 

�

 

48%. Im-
portantly, the extended amino- and carboxy-terminal ends
of the SULT2B1 isoforms aside, there remains a signifi-
cant structural similarity between the SULT2A1 and
SULT2B1 isozymes in their core regions, which contain
residues that are highly conserved in all SULTs; residues
known to be involved in interaction with the 5

 

�

 

-phospho-
adenosine-3

 

�

 

-phosphosulfate cofactor (these residues are
enclosed in solid boxes in Fig. 1).

As illustrated in 

 

Fig. 2

 

, human SULT2B1a and
SULT2B1b are derived from a single gene (

 

SULT2B1

 

) as a
result of an alternative exon I and differential splicing
(71). Thus, the two SULT2B1 isoforms differ only at their
N-terminal ends (cf. Fig. 1). Studies of the functional sig-
nificance of this unique feature revealed that removal of
23 amino acids from the N-terminal end that is unique to
SULT2B1b results in loss of cholesterol sulfotransferase
activity; on the other hand, removal of eight amino acids
from the N-terminal end that is unique to SULT2B1a has
no effect on pregnenolone sulfotransferase activity (76).
In the gene for 

 

SULT2B1

 

, exon 1B encodes for only the
unique N-terminal region of SULT2B1b, whereas exon 1A
encodes for the unique N-terminal end of SULT2B1a plus
an additional 48 amino acids (cf. Fig. 2). Thus, if the gene
for 

 

SULT2B1

 

 employs exon 1B, cholesterol sulfotrans-
ferase is synthesized; however, if exon 1A is used, preg-
nenolone sulfotransferase is produced (76).

Studies regarding the functional significance of the ex-
tended carboxy-terminal ends of the SULT2B1 isoforms
revealed that the terminal 53 amino acids can be removed
from both isoforms without loss in catalytic activity (76).
Nevertheless, the composition of the identical carboxy-
terminal ends of the SULT2B1 isoforms is structurally in-
teresting: this region is enriched in proline residues and
contains proline, glutamic acid, serine, and threonine se-

quences (cf. Fig. 1) that may play a crucial role in target-
ing these isoforms for calpain proteolysis (77).

In keeping with the finding that cholesterol sulfate is
widely present in human tissues, the mRNA for human
SULT2B1b was also noted to be broadly expressed (75).
Quantitatively, SULT2B1b mRNA is predominantly ex-
pressed in the skin, prostate, and placenta, and to a lesser
extent in the stomach, small intestine, colon, kidney, lung,
and thyroid gland (unpublished observations). It’s of in-
terest that skin, lungs, kidney, and intestines were also
found to be major organs engaged in cholesterol sulfate
synthesis in the guinea pig (78).

The human 

 

SULT2B1

 

 gene localizes to chromosome
19q13.3, 

 

�

 

500 kb telomeric to the location of the gene for

 

SULT2A1

 

 (71). Although a substantial number of steroid
sulfotransferase genes have now been cloned in several
species, there has been little information forthcoming re-
garding their transcriptional regulation, with the excep-
tion of the 

 

SULT2A1

 

 gene in the rat; there are no reports
as yet on the transcriptional regulation of the 

 

SULT2B1

 

gene. Rat SULT2A1 is selectively manifest in liver, where
expression is strongly repressed by androgens (79). In
this regard, hepatocyte nuclear factor-1 and CCAAT/en-
hancer binding protein (C/EBP) response elements play
pivotal roles (80). Concerning androgen repression, a
negative androgen response region in the rat 

 

SULT2A1

 

promoter has been mapped. Androgenic repression of
the rat 

 

SULT2A1

 

 gene requires the presence of OCT-1 and
C/EBP elements that map to specific promoter locations.
Furthermore, the negative androgenic regulatory effect
may be exerted indirectly through transcriptional inter-
ference of OCT-1 and C/EBP rather than via a direct in-
teraction of the androgen receptor with DNA (80). In ad-
dition to its capacity as a neutral steroid sulfotransferase,
rat SULT2A1 functions as bile acid sulfotransferase. Apro-
pos to the latter function, rat SULT2A1 is inducible by pri-

Fig. 2. Schema of the human SULT2B1 gene demonstrating alternative exons IA and IB. The mRNAs for SULT2B1a and SULT2B1b are
shown above and below, respectively, the linearized gene structure. Open boxes represent the 5� and 3� untranslated regions. The hatched
boxes represent unique amino acid coding regions, whereas the solid boxes represent common amino acid coding regions. The DNA se-
quence of human SULT2B1 was obtained from the human genome project and analyzed using cDNA of the SULT2B1 isoforms. A nucle-
otide alignment analysis, based on the Clustal W algorithm (131), was carried out using the MacVector 7.0 system.
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mary bile acids in liver and intestinal cell lines, and this in-
ducing effect is mediated through the bile acid-activated
farnesoid X receptor (FXR), a member of the nuclear re-
ceptor super family (81). The ligand-activated FXR acts as
a heterodimer with the 9-

 

cis

 

-retinoic acid receptor (RXR)
and regulates the 

 

SULT2A1

 

 gene by binding to a 

 

cis

 

-ele-
ment cognate to the FXR-RXR-

 

�

 

 heterodimer (81).
Hydrolysis of sulfonated steroids and sterols, which re-

generates unconjugated substrates as free alcohols, com-
pletes the sulfurylation cycle and is carried out by a mem-
ber of the sulfohydrolase or sulfatase gene family located
on the X-chromosome at p22.3 (82). Steroid sulfatase
(also referred to as arylsulfatase C) is a membrane-bound
microsomal enzyme that is ubiquitously expressed in
mammalian tissues and hydrolyzes a variety of 3

 

�

 

-hydroxy-
steroid sulfates, including cholesterol sulfate (83). The
importance of cholesterol sulfate hydrolysis is exemplified
by the genetic disorder X-linked ichthyosis, a disease char-
acterized by severe scaling, levels of plasma cholesterol
sulfate that are strikingly elevated (34, 35, 39), and exces-
sive cholesterol sulfate deposition in the stratum corneum
layer of the epidermis (45); furthermore, the increase of
cholesterol sulfate levels in the stratum corneum, which
results from steroid sulfatase deficiency, appears to be re-
sponsible for the ichthyotic changes (83). Little is known
about how steroid sulfatase is regulated.

PHYSIOLOGIC SIGNIFICANCE

 

Steroid synthesis

 

Cholesterol sulfate can serve as a substrate for the syn-
thesis of sulfonated adrenal steroids such as pregnenolone
sulfate and DHEA sulfate without prior removal of the
sulfate moiety (19–22). Although cholesterol sulfate is
found in abundance in adrenal tissue, the human adre-
nal gland appears incapable of its synthesis (9, 78). Circu-
lating cholesterol sulfate, at least in the rat, is not taken up
by the adrenal gland (78). The latter finding is in keeping
with the observation that human adrenal production of
DHEA sulfate does not arise from cholesterol sulfate de-
rived from the circulation (31), although a plausible ex-
planation for this failure has been put forward (78). Thus,
while the abundant amount of adrenal cholesterol sulfate
would have to arise from either local synthesis and/or up-
take from the circulation, its precise derivation remains to
be definitively determined.

Evidence suggests that there are distinct adrenal mito-
chondrial side-chain cleavage (SCC) mixed function mo-
nooxygenase enzyme systems [cytochrome P

 

450

 

 (P

 

450

 

)] for
converting cholesterol to pregnenolone and cholesterol
sulfate to pregnenolone sulfate, although separation of
these activities has not been attained (21, 84). It’s notable
that mitochondria isolated from human fetal adrenals
have the ability to effectively convert large amounts of
cholesterol sulfate to pregnenolone sulfate, suggesting
that human fetal adrenal mitochondria contain a specific
SCC P

 

450

 

, and that cholesterol sulfate is the predominant

 

sterol substrate utilized in generating the large amounts
of DHEA sulfate produced by this gland (85). On the
other hand, mitochondria isolated from adult adrenals
did not produce detectable amounts of pregnenolone sul-
fate from cholesterol sulfate (85).

Regarding gonadal utilization of cholesterol sulfate in
steroidogenesis, mitochondria isolated from porcine and
rodent ovaries have been noted to utilize cholesterol sul-
fate more efficiently as a substrate for SCC in the forma-
tion of pregnenolone sulfate than unconjugated or free
cholesterol in the formation of pregnenolone (86). Simi-
lar studies, however, have not been carried out in humans.

Cholesterol sulfate’s involvement in adrenal steroid syn-
thesis may be two sided. That is, it can serve as a substrate
for the mitochondrial SCC P

 

450

 

 system, resulting in the for-
mation of pregnenolone sulfate. Additionally, it has the
ability to inhibit SCC of free or unconjugated cholesterol
in the formation of pregnenolone (87). Interestingly, the
locus of this inhibition is at the level of intramitochon-
drial cholesterol translocation and does not involve the
SCC P

 

450

 

 system itself (87). This observation has led to the
suggestion that cholesterol sulfate might function as a
physiologic regulator of cholesterol SCC activity and ste-
roid synthesis (88).

 

Lipid metabolism

 

It has been shown that cholesterol sulfate added to cells
in culture can have a significant influence on lipid me-
tabolism. For example, when added to cultured skin fi-
broblasts, cholesterol sulfate inhibits sterol synthesis at
the level of 3-hydroxy-3-methylglutaryl-CoA reductase, the
rate-limiting step in cholesterol synthesis (23). Since the
levels of cholesterol sulfate are significantly higher in
the epidermis than in other tissues, this finding has im-
portant implications for epidermal lipid metabolism (23).
Whereas LDLs regulate cholesterol biosynthesis in most
tissues, the epidermis does not possess this regulatory
mechanism, although it is a major cholesterol-producing
organ (89). In contrast to its inhibitory effect on sterolo-
genesis in cell culture, cholesterol sulfate has a stimula-
tory influence on fatty acid synthesis (90). Additionally, as
demonstrated in vitro, by inhibiting lecithin:cholesterol
acyltransferase, cholesterol sulfate is capable of blocking
the esterification of cholesterol (91).

 

Membranes

 

The finding that cholesterol sulfate is a normal constit-
uent of red cell “ghosts” suggested that it might be in-
volved in membrane structure and stability (33). This
idea was supported by the finding that cholesterol sulfate
at physiologic concentrations protected red blood cells
against osmotic lysis, an effect requiring both the sulfate
moiety and the cholesterol side chain (54, 92). This novel
finding, along with the knowledge that cholesterol sulfate
is widely distributed among human tissues, led to the hy-
pothesis that cholesterol sulfate might be an important
constituent of many types of biological membranes where
it can function as a stabilizing agent (54). Soundness of
the membrane stabilization concept was strengthened by
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subsequent observations. For instance, Sendai virus-induced
lysis of human erythrocytes was potently inhibited by cho-
lesterol sulfate but not by cholesterol (93). For enveloped
animal viruses such as the Sendai virus to enter cells first
requires a fusion between the viral membrane and the cell
plasma membrane, and inhibition of Sendai virus-induced
hemolysis by cholesterol sulfate indicated there was a
blockage in the fusion between the virus and red blood
cell (93). Additional studies employing model membranes
led to the proposal that cholesterol sulfate can alter the
physical properties of membranes, which contributes to its
ability to stabilize biological membranes and inhibit mem-
brane fusion (93). Cholesterol sulfate interacts with phos-
pholipids in a manner similar to that observed for choles-
terol and has the ability to induce hydrocarbon ordering
in lipid bilayers and to stabilize model membranes (94).
Further studies with model membrane preparations re-
vealed that the rate of intermembrane exchange for cho-
lesterol sulfate is about an order of magnitude faster than
that for cholesterol in all liposomes tested (95).

It has been proposed that hydrolysis of cholesterol sul-
fate within sperm membranes may lead to membrane de-
stabilization and set into motion events that lead to capac-
itation (24, 96, 97). Cholesterol sulfate is present in
relatively high concentrations in the male reproductive
tract where it accumulates along the course of the epididy-
mis and is avidly taken up and localized to the plasma
membrane of spermatozoa, mostly to the acrosomal re-
gion. During sperm maturation in the epididymis, choles-
terol sulfate acts as a membrane stabilizer and potent in-
hibitor of the protease acrosin (24, 97). Cleavage of the
sulfate moiety within the female reproductive tract by a
sterol sulfohydrolase reverses the inhibition, eliciting an
acrosomal reaction that sets off a cascade of events lead-
ing to sperm capacitation and fertilization (24, 97).

Cholesterol sulfate has been shown to be a normal con-
stituent of blood platelets and to modulate platelet func-
tion (52). For example, it is incorporated into platelet
membranes where it potentiates ADP- and thrombin-
induced platelet aggregation as well as serotonin secre-
tion. These effects are specific for cholesterol sulfate and
require both the sterol ring structure and the sulfate moi-
ety (52). Furthermore, cholesterol sulfate modulates
arachadonic acid metabolism while potentiating aracha-
donic acid-induced platelet aggregation; effects that are,
in part, explained by changes in calcium flux (98). It has
also been shown that platelets will adhere to cholesterol
sulfate but not to cholesterol, other cholesterol esters, or
other steroid sulfates under flow conditions similar to
those seen in arteries (53).

 

Enzyme systems

 

Cholesterol sulfate can regulate the activity of a variety
of functional proteins, some of which are activated. For in-
stance, cholesterol sulfate has the ability to trigger the in-
trinsic blood coagulation system by activating Factor XII,
an action that is not shared by other steroid sulfates or by
unconjugated cholesterol (99). Furthermore, cholesterol
sulfate activates prekallikrein in the presence of Factor

 

XII (99). Additionally, cholesterol sulfate activates multi-
ple epidermal protein kinase C isozymes, especially the 

 

	

 

,

 




 

, and 

 

�

 

 isoforms (26). In vitro, cholesterol sulfate is a
novel activator of the 

 




 

 isoform of protein kinase C, and
in so doing is more potent than phosphatidylserine plus
phorbol ester (27). The importance of these findings is
that the 

 




 

 isoform of protein kinase C is predominantly
expressed in the suprabasal region of the human epider-
mis, especially by cells in the granular layer, where it is in-
volved in barrier formation (100). Finally, high-mobility
group protein 1 (HMG1), a component of chromatin in-
volved in the modulation of transcription, is phosphory-
lated on specific threonine residues by casein kinase I
when incubated with cholesterol sulfate, whereas no phos-
phorylation of HMG1 was detected in the presence of
other cholesterol-related compounds or their sulfated de-
rivatives (101). This result suggests that cholesterol sulfate
may singly function to induce the phosphorylation of
HMG1 by casein kinase I (101). A marked change in the
conformation of HMG1 occurs in the presence of choles-
terol sulfate, suggesting a mechanism to explain how this
sterol sulfate alone can induce the phosphorylation of
HMG1 by casein kinase I (101).

In contrast to the above stimulatory effects of choles-
terol sulfate, other functional proteins are inhibited by
this sulfolipid. For example, thrombin and plasmin,
serine proteases that play essential roles in blood clotting
and fibrinolysis, respectively, are potently inhibited by
cholesterol sulfate (25). It is suggested that cholesterol
sulfate serves as an alternative physiologic inhibitor of
thrombin in human plasma (25). Additionally, cholesterol
sulfate suppresses sterol synthesis in cultured human fi-
broblasts by acting as a robust inhibitor of 3-hydroxyl-
3-methylglutaryl CoA reductase, the rate-limiting enzyme
in cholesterol biosynthesis, suggesting that cholesterol sul-
fate may be an endogenous regulator of cholesterol syn-
thesis (23). Interestingly, cholesterol sulfate can modulate
the specificity of phosphatidylinositol-3-kinase. That is, at
low micromolar concentrations, in contrast to unconju-
gated cholesterol or the sulfoconjugated steroid, andros-
terone cholesterol sulfate selectively inhibits phosphati-
dylinositol-3-kinase activity, whereas it has a negligible
effect on the activity of phosphatidylinositol bisphosphate
3-kinase (102). This effect is likely mediated by the cata-
lytic subunit p100a, indicating that this subunit could
have a binding site for cholesterol sulfate (102). This in
vitro result has interesting physiologic implications re-
garding the distinctive in vivo substrate specificity demon-
strated by phosphatidylinositol-3-kinase.

Cholesterol sulfate has been noted to inhibit the pan-
creatic serine proteases trypsin and chymotrypsin (103,
104) as well as a yeast pronase (103); it also inhibits pan-
creatic elastase (105) and DNase I (106). The physiologic
significance of these in vitro findings, however, is not fully
appreciated. Nonetheless, one pathologic implication has
been considered since normal desquamation of the stra-
tum corneum involves trypsin-like and chymotrypsin-like
proteases (107, 108). The trypsin- and chymotrypsin-
inhibitory property demonstrated by cholesterol sulfate in
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vitro has led to the postulate that an excess of this sulfo-
lipid might affect the breakdown of desmosomes normally
required for desquamation (104). Thus, in the disease
known as recessive X-linked ichthyosis, this mechanism
might be responsible for the retention hyperkeratosis, ab-
normal scaling, and defective skin barrier characteristic of
this disorder (104), which, as noted previously, is a condi-
tion associated with abnormally high cholesterol sulfate
levels in the stratum corneum resulting from steroid sulfa-
tase deficiency (35, 45, 109).

CHOLESTEROL SULFATE AS A REGULATORY 
MOLECULE IN SKIN

During skin development, modifications involving the
outer layer of the epidermis result in the creation of an ef-
fective physical barrier of cornified squamous cells termed
the stratum corneum (110). The bulwark of this epider-
mal barrier is composed of a layer of flattened anucleated
corneocytes mortared together by lipid lamellae atop a
layer of cross-linked cell envelope proteins anchored to a
keratin filament-matrix complex (69). Structural defects
in any of the components of the cornified squamous epi-
thelial covering can cause clinically significant disease as a
result of impairment in barrier function (69).

Substantial evidence has accumulated demonstrating
an important role for cholesterol sulfate in keratinocyte
differentiation and development of the barrier (26, 111–
113). Cholesterol sulfate formation occurs early on in hu-
man squamous development, suggesting a functional role
at an early stage in differentiation (28). Cholesterol sul-
fate is rich in the upper layers of the human epidermis,
where it gradually accumulates during keratinocyte differ-
entiation, reaching levels that are 4–5% of total lipid con-
tent in the upper stratum granulosum (58, 59), after
which it undergoes sulfohydrolysis in the cornified layer
and representation drops to 1% of total lipids (114, 115).
The cholesterol-cholesterol sulfate ratio in epithelial cells
outside of the skin is normally about 500:1 (116), whereas
in the normal stratum corneum the ratio is as low as 10:1
or 5:1 (117). In the recessive X-linked ichthyosis disorder,
however, which is characterized by a deficiency in steroid
sulfatase activity (109), the cholesterol-cholesterol sulfate
ratio in the stratum corneum is 1:1 (45).

Consistent with the involvement of cholesterol sulfate
in keratinocyte differentiation and barrier development
is the predominant expression by quantitative real-time
PCR of SULT2B1b mRNA in human skin (unpublished
observations). In contrast, expression of SULT2A1 ap-
pears not to occur in human skin (75). The selective ex-
pression of SULT2B1b in skin also occurs in other species,
such as the mouse (118). In cultured epidermal cells, cal-
cium induces terminal differentiation (119, 120). Normal
human keratinocytes (NHKs) maintained in primary cul-
ture progressively express SULT2B1b mRNA and protein
during terminal differentiation in response to calcium
(illustrated in 

 

Fig. 3

 

). Involucrin, a major cross-linked
protein component of the cornified cell envelope, is an

early marker of keratinocyte differentiation (121, 122).
Interestingly, as shown in 

 

Fig. 4

 

, cholesterol sulfate will
induce expression of involucrin mRNA when added to
cultured NHK.

Cholesterol sulfate is thought to play a significant role
in the proper functioning of the stratum corneum and the
normal sloughing of dead cells, i.e., the process of desqua-
mation (114). It has been shown that cholesterol sulfate
retards desquamation by inhibiting serine proteases in the
stratum corneum that are responsible for desmosomal
degradation (104). In addition to desmosomes, which
form junctions between adjacent cells and are involved in
adhesion of corneocytes, lipid bilayers play a role in inter-
cellular cohesion in the stratum corneum, and a decrease
in cholesterol sulfate content can affect the stratum cor-
neum lipid phase behavior (113). A reduction in choles-
terol sulfate content in the stratum corneum decreases
the stability of bilayers and reduces the fraction of lipids
arranged in liquid lateral packing, which results in a re-
duction in the elasticity of the lipid phases, preventing
proper corneocyte lipid lamellae orientation (113, 123).

Fig. 3. Expression of SULT2B1b by normal human keratinocytes
(NHKs) in primary culture at two calcium concentrations. SULT2B1b
mRNA was quantified by real-time PCR and expressed as copy num-
ber per total RNA. SULT2B1b protein expression by Western analysis
is indicated in the inset. Asterisks indicate significance.

Fig. 4. Cholesterol sulfate induction of involucrin mRNA expres-
sion in NHKs in primary culture. Involucrin mRNA was quantified by
real-time PCR and expressed as copy number per total RNA. Tops of
columns represent mean values, and error bars indicate standard
deviations. Asterisks denote significance.
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The end result is a decrease in cohesion between cells and
the promotion of cell shedding or desquamation. Relat-
edly, the horse hoof is particularly rich in cholesterol sul-
fate, which significantly contributes to the high degree of
cohesiveness of this fully keratinized tissue (124).

Cholesterol sulfate induces transcription of the gene
for transglutaminase I, an essential protein cross-linking
enzyme involved in formation of the barrier (29). Further-
more, it is suggested that cholesterol sulfate stimulation of
the transglutaminase I gene is secondary to activation of
the 

 




 

 isoform of protein kinase C (29), an isoform ex-
pressed in cells of the granular layer of the epidermis
(100). Cholesterol sulfate, by functioning as a transcrip-
tional regulator, increases the mRNA for involucrin (125).
As noted previously, involucrin is a major cross-linked pro-
tein constituent of the insoluble cornified cell envelope
that is expressed during the early stages of terminal kera-
tinocyte differentiation (121, 122). The cholesterol sulfate-
responsive region of the involucrin gene contains an AP-1
site, whereby cholesterol sulfate treatment leads to an in-
crease in AP-1-DNA binding; furthermore, both mRNA
and protein levels of several members of the AP-1 class of
transcription factors, which includes the 

 

Jun

 

 and 

 

Fos

 

 family
proteins (126), are increased by this sulfolipid (125). For
instance, Fra-1, Fra-2, and Jun D, components of the AP-1-
DNA-binding complex, are increased by cholesterol sul-
fate. These novel findings suggest that cholesterol sulfate
regulates early stages of terminal keratinocyte differentia-
tion by adjusting levels of specific AP-1 proteins, which in
turn regulate expression of the genes involved in this pro-
cess, such as the involucrin gene (125).

Although fetal developmental studies are not available
for humans, studies of cholesterol sulfotransferase and
steroid sulfatase enzymatic activities in the rat epidermis
during fetal development revealed that cholesterol sul-
fotransferase activity increases 

 

�

 

10-fold between Day 17
and Day 19, after which it declines between Day 19 and
Day 21 (127). Steroid sulfatase activity, on the other hand,
peaks on Day 21 after increasing more than 5-fold (127).
These results, plus additional studies, suggested that the
cholesterol sulfate synthetic and degradative enzyme sys-
tems are differentially regulated and that their induction
during ontogenesis of the stratum corneum is a compo-
nent of the fetal epidermal differentiation program (127).

CONCLUDING REMARKS

The sulfate moiety of cholesterol sulfate has a 

 

pK

 

a

 

 of

 

�

 

3.3, indicating that it is normally ionized under physio-
logic conditions (54). Thus, the sulfoconjugation of cho-
lesterol results in the conversion of a rather rigid hydro-
phobic molecule into a very amphiphilic compound
containing a highly charged subgroup. The hydrophobic/
hydrophilic property of cholesterol sulfate undoubtedly
represents an important characteristic underlying its bio-
logic action. This aspect of the structure of cholesterol sul-
fate is thought to make it ideally suited for interactions
with membrane constituents (54). Indeed, much of the

 

early research on the physiologic relevance of cholesterol
sulfate was focused in the area of binding to membrane
components with enhanced membrane stabilization.
More recently, however, has been the exciting develop-
ment whereby cholesterol sulfate has demonstrated the
ability to function as a regulatory molecule. In this capac-
ity, it has been shown to influence cell signaling by acti-
vating the protein kinase C pathway via interaction with
specific C-kinase isoforms (26, 100). Furthermore, either
via the C-kinase pathway or by another as yet unknown
mechanism that modulates the activity AP-1 transcrip-
tion factors, cholesterol sulfate has demonstrated a regu-
latory influence on the transcriptional activity of specific
keratinocyte genes (29, 125). Our ability to understand
the physiologic significance of this intriguing molecule
is greatly augmented by the cloning of the gene for the
sulfotransferase (SULT2B1b) that sulfonates cholesterol
(71). Thus, definitive information on the transcriptional
regulation of the human 

 

SULT2B1

 

 gene, as well as regula-
tion of specific tissue expression of the SULT2B1b isoform
should be forthcoming in the near future. Furthermore,
cloning of the mouse ortholog of the 

 

SULT2B1 

 

gene is an
important achievement that will initiate studies pertaining
to embryogenesis and specific tissue expression during
growth and development (118). While cholesterol sulfate
has been shown to induce the transcription of important
genes involved in keratinocyte development, it is not clear
that this is necessarily its only function or even a major
function. Certainly, the role of cholesterol sulfate in bar-
rier formation and epidermal cell adhesion needs to be
further explored. It would be of interest to examine the
involvement of cholesterol sulfate in protein-protein in-
teractions, such as between transglutaminase 3 and pro-
tein substrates in the upper granular layer of the epider-
mis (128). In addition to human skin (75), the enzyme
producing cholesterol sulfate (SULT2B1b) is also highly
expressed in the human prostate and placenta (71, 75);
however, the basis for the high expression in these tissues
is not understood and needs to be explored.

Cholesterol sulfate has emerged as a significant lipid
constituent in a variety of human tissues, although the de-
finitive biologic import of the presence of this sulfolipid
in any specific tissue continues to evolve. The fact that
cholesterol sulfate circulates in blood in combination with
its emerging role as a regulatory molecule suggests a simi-
larity to compounds categorized as hormones.
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